Fuel staging is a commonly used strategy in the operation of gas turbine engines. In multi-nozzle combustor configurations, this is achieved by varying fuel flow rate to different nozzles. The effect of fuel staging on flame structure and self-excited instabilities is investigated in a research can combustor employing five swirl-stabilized, lean-premixed nozzles. At an operating condition where all nozzles are fueled equally and the combustor undergoes a selfexcited instability, fuel staging successfully suppresses the instability: both when overall equivalence ratio is increased by staging as well as when overall equivalence ratio is kept 
INTRODUCTION
Increasingly stringent emissions regulations have led gas turbine manufacturers to transition from diffusion combustion to lean premixed combustion. While lean premixed combustors can significantly reduce emissions with better fuel-air mixing and lower combustion temperatures, they are more susceptible to combustion instabilities. Combustion instability is a naturally occurring feedback loop that involves interactions between acoustic oscillations, heat release rate fluctuations from the flame, and velocity and/or equivalence ratio fluctuations of the reactants. Consequences of combustion instability include enhanced heat transfer to engine components, increased mechanical loads, and flame flashback/blowoff, all of which could potentially damage engine hardware. Therefore, the presence of combustion instabilities represents a major challenge in the design and operation of low emissions gas turbine combustors.
The interaction between acoustic oscillations and heat release rate fluctuations is described using the criterion proposed by Rayleigh [1] , which states that energy is added to an acoustic field if the pressure perturbations and heat release rate perturbations are in phase.
Satisfying the Rayleigh criterion alone is not sufficient to ensure that the combustor is unstable.
The energy added by the heat release rate fluctuations must be greater than the energy removed by damping sources, such as viscosity, heat transfer, and sound radiation. The acoustic oscillations then trigger flow oscillations; the means by which this acoustic/flow coupling occurs depends on the geometry of the system. In swirl-stabilized combustors that are commonly used in practical gas turbine engines, the flow perturbations are typically in the form of vorticity and swirl fluctuations. Additionally, the acoustic fluctuations can drive oscillations in the fuel flow rate, resulting in mixture fluctuations.
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The generation of heat release rate fluctuations by velocity and/or equivalence ratio perturbations (known as flame response) is the final part of the combustion instability feedback loop. Flame response is still not fully understood and thus is the subject of significant research.
Multiple studies have been conducted over the past few decades to understand the governing mechanisms of flame response, encapsulated in review papers [2] [3] [4] that discuss the current state of this research. A number of flame response mechanisms have been proposed: the interaction of coherent ring-vortex structures with the flame [5, 6] , swirl fluctuations that perturb the flame base [7, 8] , and helical instabilities interacting with the flame [9, 10] . While a consensus on governing flame response mechanisms has not yet been reached, the above studies do indicate that flame structure (overall flame shape and distribution of heat release) plays an important role in determining flame response.
A majority of flame response research has been conducted on laboratory-scale singlenozzle combustor configurations, with a limited number of studies on multi-nozzle combustor configurations. Work in both can combustors [11] and annular combustors [12] show that the flame structure in multi-nozzle combustors is very different to that in single-nozzle combustors.
These variations in flame structure can be attributed to effects unique to multi-nozzle combustors such as interactions between swirling flows, flame-flame interactions, and non-axisymmetric flame-wall interactions [13] . Therefore, it is reasonable to expect that the flame response (and thus the behavior in the presence of combustion instabilities) of multi-nozzle flames would differ to that of single-nozzle flames.
Combustion instabilities can be suppressed using two methods: active control and passive control. Active control methods typically involve the use of dynamic, closed-loop control of the instability using actuators to excite acoustic waves and/or fuel flow rate oscillations [14] .
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Alternatively, passive control strategies do not attempt to control the instability on the timescales of the acoustic oscillations, but rather they typically damp the instability or de-phase the acoustic and heat release rate oscillations.
A strategy that is used both as an active and a passive control method is fuel staging (or fuel splitting) [15] . This involves varying the distribution of fuel flowing into the combustor. A commonly used method of fuel staging is modifying flow rates between different fuel circuits of a single injector [15] . In particular, pilot fuel circuits are used to add small amounts of fuel directly to the flame region, reducing the level of premixedness but aiding in flame stabilization.
In combustors that employ multiple nozzles, fuel staging can also be achieved by changing the fuel flow rate to different nozzles [16] . The fuel split between separate circuits (also known as an operating mode) mainly depends on the required combustor load. For example, the GE DLN-2.6
combustor has four fuel circuits and uses 8 different fuel staging strategies for loads from ignition to full power [17] . The multiple fuel circuits create a large parameter space for both combustor load variation and instability control; in the current work, the operating space is restricted by only having two fuel circuits.
Despite fuel staging for instability control being a common practice, no literature currently exists on the mechanisms by which fuel staging suppresses instabilities. However, the need for understanding the mechanisms by which fuel staging suppresses combustion instability is vital. Experience has shown that balancing instability amplitudes and emissions output during fuel-staging operations is difficult; fuel staging typically requires that a fuel circuit (whether it be a number of nozzles or even a circuit within one nozzle) run at a higher equivalence ratio in order to ensure flame stability. This richer flame zone is a source of higher NOx production, where these engines are typically running at the limits of the emissions regulations. A more GTP-17-1247 Samarasinghe 6 detailed mechanistic understanding of how fuel staging suppresses instabilities could help to improve staging strategies in industrial hardware where combustors are running in a thin margin between stability and emissions limits.
This paper presents an experimental investigation of the mechanisms by which fuel staging suppresses self-excited combustion instabilities in a multi-nozzle can combustor. Two optical measurements, line-of-sight chemiluminescence images and OH-PLIF, are used to understand the flame structure when the combustor is undergoing a combustion instability and the means by which fuel staging affects the flame structure. The insights gained from these measurements are used to identify the mechanisms by which fuel staging suppresses combustion instabilities.
EXPERIMENTAL SETUP AND MEASUREMENTS

Experimental Setup
Experiments are conducted in a five-nozzle can combustor. Details on this combustor have been presented in previous publications [13, 18] , which can be referred to for in-depth fuel injection holes at the swirler (and is thus technically premixed when it enters the combustor). Figure 1 shows a CAD model of the multi-nozzle can combustor. 
Measurements
Time-averaged measurements of overall fuel and air flow rates, pressure drop across each of the swirlers, and temperature of the fuel-air mixture at the inlet to the combustor are used to characterize the overall operating state of the experiment. The overall flowrates of air and fuel are measured using thermal mass flow meters. The pressure drop across each of the five swirlers is measured using electronic differential pressure gauges. The mean velocity in each nozzle is determined from the pressure drop measurements using an empirical calibration. The measured nozzle-to-nozzle variation in mean velocity is 6%. Temperatures of the reactants as well as surrounding nozzle hardware (combustor dump plate and centerbodies) at the start and end of the data acquisition are measured using K-type thermocouples.
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Time-resolved measurements of combustor pressure fluctuations are obtained using a piezoelectric dynamic pressure transducer (PCB 112A22) with a built-in signal conditioner mounted flush with the dump plate. At each test case, sixteen seconds of data are acquired at an acquisition rate of 8192 Hz.
The heat release rate from the flame is measured using CH* chemiluminescence, a widely used indicator of heat release rate for fuel-lean premixed hydrocarbon flames [19, 20] .
CH* chemiluminescence is also used as an indicator of flame structure [19] . In the current experiment, line-of-sight CH* chemiluminescence images obtained using a Photron SA4
highspeed camera fitted with an Invisible Vision UVi 1850-10 intensifier, a Nikon AF MicroNikkor 60mm f/2.8D lens, and a 432 nm ± 5 nm bandpass filter are used to characterize flame stabilization and heat release rate distribution (henceforth referred to as flame structure). At each test condition, one second of high-speed image data is acquired at 4000 frames-per second. The instantaneous location of the flame sheet is determined using time-resolved OH-PLIF measurements. The OH-PLIF system consists of a 532 nm wavelength Nd:YAG laser (Edgewave) which is used to pump a high-speed Sirah Credo dye laser which is tuned to produce a beam wavelength of 566 nm which is then frequency doubled using a BBO crystal to a GTP-17-1247
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wavelength of 283 nm. The laser is operated at a pulse rate of 5 kHz and the pulse energy at the dye laser aperture is approximately 0.17 mJ per-pulse. The beam is expanded to a height of 16 mm and focused to a thin sheet using a LaVision sheet forming optic. OH-PLIF images are captured at a rate of 5 kHz using a Photron SA5 high-speed camera fitted with an intensifier (LaVision high-speed Intensified Relay Optic), a UV camera lens (Nikon UV-Nikkor f4.5 105mm) and an OH filter (320 nm ± 25 nm). The OH-PLIF images have a resolution of 5 pixels/mm. Figure 3a shows a schematic of the OH-PLIF setup. The current OH-PLIF setup allows an imaging region that encompasses a single outer flame and half of the middle flame. However, the OH-PLIF system was not powerful enough to illuminate the full downstream extent of the multi-nozzle flame with adequate signal. To overcome this OH-PLIF data were obtained separately at two different laser sheet heights with a 2 mm overlap region. Calibrating the images from the two laser sheet heights to a common coordinate system allows the mean and phase-averaged images to be stitched together. The overlapping region between the stitched images comprises the average of the intensities of the upper and lower images. The image stitching process causes faint horizontal lines at these locations. Figure 3b shows a photograph of the multi-nozzle flame with the two PLIF imaging regions highlighted. All the OH-PLIF images were corrected for Gaussian beam intensity distribution before post-processing.
Data processing
Combustor pressure fluctuation is measured as a discrete time-varying signal, which is then analyzed in the frequency domain to characterize the pressure fluctuation amplitude. To calculate the instability amplitude, we first calculate the single-sided power spectrum density of the signal's linear spectrum. A high-pass filter at 10 Hz is then applied to the linear spectrum to remove noise due to mean drift of the pressure transducer. The root mean square (RMS) amplitude is then obtained by applying Parseval's theorem [21] to the filtered linear spectrum.
In order to study the unsteady flame structure, chemiluminescence images are processed in the frequency domain to characterize the variation of flame structure at the dominant instability frequency. The steps for this process are as follows:
1. Each pixel of the high-speed image is treated as an independent time series and its linear spectrum obtained using a fast-Fourier transform.
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3. By applying Parseval's theorem to the single-sided power spectral density of the filtered linear spectrum, the RMS component is obtained.
4. The phase relative to the start of data acquisition is the inverse tangent of the ratio of the imaginary and real components of the linear spectrum at the instability frequency.
5. The mean component is simply the average of all 4000 image frames acquired.
The above process is applied to all pixels in an acquired high-speed image set, resulting in a mean, RMS, and phase image, where the RMS and phase images are calculated at the instability frequency. The mean images provide information about the time-averaged distribution of heat release within the flame, RMS images can be used to identify the locations of highest heat release rate fluctuations, and the variation in phase in the phase images can be used to identify governing mechanisms and the coherence of the instability.
Additionally, a phase-averaged time series for a single instability cycle can be generated using the mean ( ̅), RMS ( ′ ), and phase ( ℎ ) data obtained above by inputting them to Eq. (1) below:
where is the instability frequency and is the time during a single instability cycle. For all phase-averaged data presented in this paper, the time increment was set such that each instability cycle contained 24 data points.
The detailed flame structure of the base of the multi-nozzle flame is characterized using time-averaged flame surface density (FSD) obtained from the OH-PLIF data. Raw OH-PLIF GTP-17-1247 Samarasinghe 13 images are first smoothed using a 5x5 pixel bilateral filter before converting the images to binary using an intensity threshold (i.e., values above the threshold are assigned a value of one to denote burnt gases and values below the threshold are assigned a value of zero to denote reactants).
Edges in each image frame are identified from the binary images using the MATLAB function bwboundaries. The FSD is then computed by calculating the flame length within a 9x9 pixel square interrogation window moved along the edges. The frames are then averaged to obtain a time-averaged FSD image. In this paper, FSD is used as a qualitative marker of flame location and flame area.
Mapping the distribution of the Rayleigh integral, which is the mathematical description of the Rayleigh criterion, within the combustor provides insight about which regions of the flame are most likely to drive an instability and the means by which fuel staging may alter the behavior of these regions. This "local" Rayleigh integral is defined in Eq. (2) as the product of the fluctuating components of pressure ( ′ ) and heat release rate ( ′ ) at a specified location within the combustor ( ) integrated over a single cycle of the instability ( ).
In this paper, the variation in pressure fluctuation amplitude along the flow direction within the combustor ′ ( , ) is modeled using Eq. (3) where ′ (0, ) is the measured dump plate pressure fluctuation filtered at the instability frequency ( ), and is the speed of sound at the recirculation zone temperature.
Line-of-sight chemiluminescence images that are filtered at the instability frequency are used to characterize the local heat release rate fluctuations. Due to the line-of-sight nature of the GTP-17-1247
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The local Rayleigh integral obtained from the line-of-sight images is: 
Ensuring repeatability of the data points
Previous studies of combustion instabilities show that thermal boundary conditions can affect the amplitude of combustor pressure fluctuations [22] . This is confirmed for the current combustor, where 
Criteria for stable and unstable operation
The combustor is considered to be unstable when two criteria are satisfied. The first is that the combustor pressure fluctuation amplitude is higher than a threshold value of 0.5% of the mean combustor pressure. In the current system, where the combustor is run at atmospheric pressure, this value corresponds to around 0.07 psi (0.48 kPa). The second criterion is that a well-defined peak (amplitude-based SNR > 30) exists in the amplitude/power spectrum. Figure 5 GTP-17-1247 Samarasinghe 16 shows amplitude spectra of the combustor pressure fluctuation measured during stable operation and unstable operation plotted on a logarithmic scale. The amplitude of ′ at the unstable condition is more than an order of magnitude larger than that at the stable condition. A welldefined peak at a frequency of 524 Hz is also observed in the unstable case. 
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When investigating the effect of fuel splits on the transition from unstable to stable operation, test cases were defined in terms of equivalence ratio. At each fuel split test case, the equivalence ratio of the four outer nozzles was kept constant, while the equivalence ratio of the middle nozzle was increased by the injection of additional fuel. A fuel split test case is characterized by the overall equivalence ratio ( ) defined using Eq. (5).
where is the equivalence ratio of the middle nozzle and is the equivalence ratio of each of the four outer nozzles. The operating points are tabulated in Table 1 . Test case 1 is a baseline case where all five nozzles are fueled equally and the combustor is stable. The combustor experiences a self-excited instability at test case 2, which is suppressed by fuel staging (test cases 3-4 and 5-6). In test cases 3-4, the equivalence ratio of the outer nozzles was kept constant while the middle nozzle equivalence ratio was increased. In test cases 5-6, the overall equivalence ratio was kept constant by decreasing the outer nozzle equivalence ratio while increasing the middle nozzle equivalence ratio. The amount of fuel staging can also be characterized by percent staging, which is the percentage of additional fuel flow (relative to the total fuel flow to the combustor) added to the middle nozzle during fuel staging. The red and magenta data points in Fig. 6 show the effect of 
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RESULTS
The effect of fuel staging on combustor pressure fluctuation
At the target operating condition, the combustor successfully transitions from unstable (test case 2) to stable operation with increased fuel staging. This is possible for both staging strategies, i.e., increasing overall equivalence ratio (test cases 3-4) and keeping overall equivalence ratio constant (test cases 5-6). Figure 7 shows a plot of (Figs. 8c-d) , the overall flame shape isn't altered significantly in this view, but changes in the chemiluminescence distribution can be observed.
Increased fuel staging elevates the chemiluminescence intensity in the interaction region. This is expected since the additional fuel injected to the middle nozzle increases the equivalence ratio of the middle flame and chemiluminescence intensity increases with increased equivalence ratio.
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The outer flame structure is unchanged with fuel staging which suggests that fuel staging suppresses self-excited instabilities through mechanisms that occur in the middle flame and/or the flame-flame interaction region. and 9b show data from the test cases when all nozzles of the multi-nozzle flame are fueled equally. In the unstable case (Fig. 9b) , secondary flame stabilization in the outer shear layers is observed in the region between the middle and outer flames. In contrast, the flames are stabilized along only the inner shear layer in the stable case (Fig. 9a) . This is consistent with previous data GTP-17-1247
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from single-nozzle flames, which showed a transition from stable to unstable when the flame shape changed from one that was stabilized in the inner shear layer to one that was stabilized in both inner and outer shear layers [25] . Differences in the outer branch of the outer flame are negligible between the stable and the unstable cases, which indicate that the transition to unstable behavior may be, in part, caused by changes in flame structure in the flame-flame interaction.
Another observation is that the flame brushes are thicker in the unstable case, which is indicative of increased motion of the flame fronts. In the case when the flame is stable due to fuel staging (Fig. 9c) , the flame is still stabilized on both the inner and outer shear layers with the only difference being that the flame brushes are thinner than the unstable case ( When a small amount of staging fuel is introduced, these fluctuations persist (Fig. 10c ), but they become suppressed as fuel staging is increased further (Fig. 10d) . In the highest staging case, the fluctuations are not completely suppressed and some very low amplitude fluctuations are still observed. In particular, it is instructive to compare Figs. 10a and 10d , where the pressure fluctuation amplitudes are both far below the instability limit. The flame structure and patterns of heat release rate oscillations are still evident in test case 4, whereas no such structure is seen in test case 1, despite both being "stable" cases.
Samarasinghe 24 (Fig. 11a) , the phase distribution is incoherent throughout the flame. In contrast, when the flame is subject to a self-excited instability (Fig. 11b) , the phase distribution becomes more coherent. As the downstream distance from the flame anchoring location increases (bottom to top of images), the change in phase is continuous, which suggests that the flame response mechanisms are convective. Additionally, the phase is relatively constant across the radial direction at a given downstream location, indicating that the disturbance is affecting all five flames in-phase.
Samarasinghe 25 As fuel staging is increased, the nature of this phase relationship is altered, especially at the interaction regions. At the highest staging condition (Fig. 11d) , convective mechanisms still exist but are far less coherent than in the unstable case. Additionally, jumps in the phase are present between adjacent flames, suggesting that there may be a phase offset that is the cause of the instability suppression. This is particularly meaningful when considering the presence of coherent regions of high amplitude in the RMS image of test case 4 ( Fig. 10d) , and the lack of coherent regions in the RMS image of test case 1 (Fig. 10a) . 
SUMMARY AND CONCLUSIONS
An experimental study of the effects of fuel staging on the flame stabilization and heat release rate distribution (referred to as flame structure), and self-excited instability characteristics was conducted in a natural gas-fueled multi-nozzle can combustor where fuel staging was achieved by injecting additional fuel at the middle nozzle. At the operating conditions considered, self-excited instabilities were suppressed with fuel staging: in both cases where overall equivalence ratio is increased by staging (by only increasing the fuel flow rate to the middle nozzle) as well as cases where overall equivalence ratio is kept constant while staging (by simultaneously decreasing the fuel flow rate of the outer nozzles while increasing the fuel flow rate to the middle nozzle).
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From the analysis of time-averaged line-of-sight CH* chemiluminescence images, it is evident that fuel staging changes the heat release rate distribution in the region where adjacent flames interact. Furthermore, time-averaged flame surface density images obtained using OH-PLIF showed that when all five nozzles were fueled equally, the flame stabilized in both the inner and outer shear layers between the middle and outer flames when the flame was unstable.
In contrast, flame stabilization only occurred in the inner shear layer of this region when the flame was stable. With increased fuel staging, these "secondary" flame structures in the outer shear layer remained, suggesting that a different mechanism acts to stabilize the flame when staging fuel is introduced. Additionally, the radial variation of phase at a given downstream location is minimal, indicating that the disturbance is affecting all five flames in-phase. As fuel staging is increased, the nature of this phase relationship is altered, especially at the interaction regions. Convective mechanisms still exist but are far less coherent than in the unstable case.
Rayleigh integral distribution images show that as fuel staging is increased, the altered phase of the convective disturbances causes regions of the flame that previously were in-phase with the pressure fluctuation to oscillate out-of-phase, thus suppressing the instability. Since the GTP-17-1247
Samarasinghe 29 added staging fuel is technically premixed, this phase difference could be due to a combination of velocity fluctuations or equivalence ratio fluctuations. Further study is needed to determine the relative contribution of each mechanism.
